We developed a photo-crosslinkable hydrogel-encapsulated three-dimensional (3D) microwell array for studying embryonic stem (ES) cell-derived neuronal differentiation. ES cells were cultured for 5 d in microwells and were subsequently encapsulated by photo-crosslinkable gelatin methacrylate (GelMA) and polyethylene glycol (PEG) hydrogels for an additional 7 d. We observed that ES cells cultured in PEG microwells became uniform-sized embryoid bodies (EBs) compared to those in GelMA microwells. Although ES cells were encapsulated by photo-crosslinkable GelMA and PEG hydrogels, they were highly viable. We demonstrated that uniform-sized EBs encapsulated by GelMA hydrogels in PEG microwells are largely differentiated into neuronal cells. It was revealed that neurites at the periphery of EBs in PEG microwells largely extended into the interface between GelMA hydrogels and PEG microwells for generating neuronal networks. Therefore, this photocrosslinkable GelMA hydrogel-encapsulated PEG microwell array could be a potentially powerful tool for neurodegenerative disease applications. 
Introduction
Tissue engineering is of great benefit in replacing and restoring tissue functions. The stem cell has been widely used as a cell source to regenerate the tissue constructs [1] [2] [3] [4] . To understand the mechanism of stem cell differentiation, the interaction between the stem cell and extracellular matrix (ECM) has previously been investigated [5] . The stem cell-based in vivo tissue-like biomimetic structure is of great interest in studying neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis [6, 7] . Stem cell-derived neuronal differentiation has previously been used to study the central nervous system and spinal cord injury [8] [9] [10] [11] . Despite the potential of previous studies, a stem cell-based hydrogel engineered model mimicking the neurodegenerative disease needs to be developed.
Embryonic stem (ES) cells have been used to generate a three-dimensional (3D) embryoid body (EB), consisting of ectoderm, mesoderm, and endoderm [12] . To determine the effect of homogeneous EB size on specific lineage fate, polymeric microwell arrays have previously been developed [13] . Compared to conventional methods (e.g. the suspension method [14] and the hanging drop method [15] ) of generating EBs, polymeric microwells facilitate the generation of uniform-sized EBs [13, [16] [17] [18] [19] [20] [21] [22] [23] . For instance, uniform-sized EBs cultured in small polyethylene glycol (PEG) hydrogel microwells gave rise to endothelial cells, whereas those in large microwells became cardiac cells [21] . This reinforces the fact that uniform-sized EBs play an important role in directing the specific lineage fate of cells [24] . PEG microwells have been used to culture neurospheres obtained from the subventricular regions of Hes5-green fluorescent protein in transgenic mice [18] . Time-lapse microscopy results demonstrated that PEG microwells enhanced the viability and inhibited the migration of single neural stem cells compared to 96-well plate substrates. They revealed that the neurosphere size was proportional to number of cell nuclei per microwell. Uniformsized neurospheres largely expressed glial fibrillary acidic protein-positive astrocytes. Human induced pluripotent stem cell (iPSC)-derived EBs have also been generated in hydrogel microwell arrays [20] . It was observed that human iPSCs cultured in microwells spontaneously formed uniform-sized EBs in the absence of a ROCK inhibitor. The percentage of uniform-size EB formation was largely enhanced in microwells.
RT-PCR analysis demonstrated that uniform-sized EBs differentiated into insulin-secreting pancreatic isletlike clusters as EBs were cultured with activin-A, nicotinamide, and EGF in the absence of a ROCK inhibitor.
Hydrogel (e.g. collagen, gelatin, fibrin, and matrigel), a biocompatible and porous biomat erial, is a great candidate as an ECM material [25] [26] [27] [28] . Functionalized hydrogels have previously been used to generate microwells or 3D cell-laden hydrogels [29] [30] [31] [32] . For instance, heparin hydrogel microwells have been employed for designing liver-specific microenvironments [33] . Heparin hydrogel microwells were generated by an ultraviolet (UV)-based thiol-ene crosslinking process and were subsequently modified with collagen I to enhance cell adhesion. It was revealed that the morph ology of primary hepatocytes cultured in microwells changed from cuboidal-based epithelial to elongated mesenchymal. It was demonstrated that urea production and albumin secretion of hepatocytes cultured in heparin hydrogel microwells was highly expressed. Gelatin, a natural polysaccharide ECM component, has a cell binding receptor of Arg-Gly-Asp (RGD) peptide and matrix metalloproteinase sensitivity degradation sites [34] [35] [36] . Due to its biocompatible property, gelatin methacrylate (GelMA) has been synthesized as a photo-crosslinkable hydrogel [30] . The amine group of gelatin has been methacrylated to make GelMA hydrogels and their mechanical properties were significantly regulated by methacrylate concentration and UV power [30, 37, 38] . Although the cells cultured in GelMA microwells were spread, those in PEG microwells were spontaneously aggregated. In this paper, we demonstrate that uniform-sized EBs encapsulated by GelMA hydrogels in 3D PEG microwells largely induce neuronal differentiation and neurite outgrowth.
Materials and methods

Fabrication of hydrogel microwell arrays
Micropatterns (300 μm in diameter) embedded in a silicon wafer were fabricated by an SU-8 100 photoresistor (MicroChem Corp, MA, USA) as previously described [22] . Poly(dimethylsiloxane) (PDMS) stamps were generated using a mixture (10:1 ratio) of silicone elastomer and curing agent (Sylgard 184, MicroChem Corp, MA, USA). PDMS prepolymer solution on micropatterned silicon wafers was placed in a vacuum chamber for 30 min to remove air bubbles and was subsequently cured at 80 °C for 2 h. The cured PDMS stamps were carefully peeled off from the micropatterned silicon wafer. Hydrogel microwells were generated by micromolding of 10 w/v% PEGdiacylate (1000 Da) mixed with 1 w/v% photoinitiator, 2-hydroxy-2-methyl propiophenone (Sigma-Aldrich Co, MO, USA). To increase the adhesion between the glass slide and PEG hydrogel microwells, the surface of the glass slides was treated with 3-(trimethoxysilyl) propylmethacrylate (TMSPMA) (Sigma-Aldrich Co, MO, USA) for 30 min and was subsequently incubated at 80 °C overnight. A 10 w/v% PEG monomer solution was placed on a PDMS mold and was covered with TMSPMA-treated glass slides. The monomer solution was photo-crosslinked by UV light (320-500 nm wavelength) for 30 s (OmniCures Series 1500 curing station, EXFO, Canada) and was subsequently peeled off from the PDMS molds. The polymerized PEG hydrogel microwell arrays were rinsed with phosphate buffered saline (PBS) to remove unreacted monomer and were then sterilized in 70% ethanol.
Synthesis of methacrylated gelatin
Type A porcine skin gelatin (Sigma-Aldrich, MO, USA) was methacrylated by adding methacrylate anhydride (Sigma-Aldrich, MO, USA). 5 g of gelatin was dissolved in 50 ml of Dulbecco's PBS at 50 °C using a stirrer. 8 ml of methacrylate anhydride was slowly injected into gelatin solutions, which were continuously stirred at 50 °C for 2 h. The solution was dialyzed in distilled water using cut-off dialysis tubing (12-14 kDa) at 40 °C for 4 d to remove unreacted residues and was subsequently lyophilized for 7 d. The final product was kept at −20 °C.
Murine ES cell culture
To culture murine ES cells, cell culture dishes were coated with 0.1% gelatin solution and the medium was mixed with various factors containing 15% ESqualified fetal bovine serum (FBS, Invitrogen, USA), 100 U ml −1 penicillin, 100 μg ml −1 streptomycin (Gibco, USA), 1% non-essential amino acid (NEAA, Invitrogen, USA), and 0.1 ml β-mercaptoethanol (Gibco, USA) in Dulbecco's Knockout Modified Eagle Medium (DMEM, Invitrogen, USA). ES cells were dissociated every 2 d using 0.25% trypsin (Invitrogen, USA) and were replated on gelatin-coated culture dishes. Fresh medium was added every day with 1400 U ml −1 leukemia inhibitory factor to maintain selfrenewal condition.
3D hydrogel encapsulation
Mouse ES cells (R1 cell line, 1 × 10 5 cells/100 μl) were loaded into hydrogel microwell arrays to form uniform-sized EBs. After EB formation within hydrogel microwells for 5 d, the surface of EBcontained microwells was subsequently covered by 10 w/v% GelMA or a PEG hydrogel precursor. EBs within hydrogel microwells were encapsulated by GelMA or PEG precursors using a UV light for 20 s. The GelMA or PEG hydrogel-encapsulated 3D microwell arrays were submerged with neuronal culture medium for an additional 7 d. The neuronal culture medium consisted of DMEM/F12 and 1% insulin-transferrin-selenium (ITS) supplement-B. After culturing for 7 d, EBs were additionally supplied by 3 μM of synthetic amyloid-β (Tocris Bioscience, UK) for 2 d. Images of the EBs were observed using an inverted microscope (Olympus, Japan) and were analyzed by NIH image J software.
Cell viability
The viability of ES cells cultured in microwell arrays was analyzed using a Live/Dead assay kit (Invitrogen, CA, USA) after UV curing. ES cells were stained with 1 μl of calcein AM and 4 μl of ethidium homodimer in 2 ml of PBS and were subsequently incubated for 40 min. Fluorescent images of live and dead cells were observed using a confocal laser-scanning microscope (LSM 710, Carl Zeiss, Germany).
Immunocytochemistry
ES cells cultured in hydrogel-encapsulated 3D microwell arrays were immunostained by a neuronal maker. The ES cells were then fixed with 4% paraformaldehyde for 30 min at room temperature and were then permeabilized with 1% triton X-100 in PBS for 20 min at room temperature. EBs were blocked with bovine serum albumin (BSA, Sigma-Aldrich, MO, USA) in PBS for 4 h at room temperature to reduce non-specific protein binding and were subsequently incubated overnight at 4 °C with primary antibodies such as anti-neuronal class III β-tubulin (Tuj1, Stem cell technology, Canada) and nestin (H-85, Santa Cruz Biotechnology, USA). The ES cells were rinsed using PBS three times and were incubated with an Alexa Flour 488 conjugated-mouse or Alexa Flour 594 conjugatedrabbit secondary antibodies (Invitrogen, CA, USA) for 4 h at 4 °C. The cell nuclei were also counterstained by 4′, 6-diamidino-2-phenylindole dihydrochloride (DAPI, Invitrogen, CA, USA). Fluorescent images of ES cells were observed using a confocal laser-scanning microscope and the neurite length was analyzed by NIH image J software.
Statistical analysis
All data are presented as the average value ± standard deviation. A statistical analysis was performed using a student's t-test and ANOVA.
Results
Photo-crosslinkable hydrogel microwell array
We developed photo-crosslinkable hydrogel (PEG, GelMA)-based microwell arrays ( figure 1(A) ). We used a PDMS stamp to pattern the UV-crosslinkable hydrogel-based microwells on TMSPMA-treated glass substrates. ES cells were cultured for 5 d inside the hydrogel (PEG, GelMA) microwell arrays and were subsequently encapsulated by PEG or GelMA hydrogels in a 3D manner ( figure 1(B) ). This resulted in the formation of uniform-sized cell aggregates inside photo-crosslinkable hydrogel-encapsulated 3D microwell arrays. A scanning electron microscope (SEM) image confirmed the presence of hydrogel microwells of 300 μm in diameter ( figure 1(C) ). The confocal microscopic image demonstrates that uniform-sized EBs were cultured within photocrosslinkable GelMA hydrogel-encapsulated 3D PEG microwell arrays ( figure 1(D) ). To investigate whether photo-crosslinkable hydrogel microwell arrays generated uniform-sized EBs, we compared the ES cells cultured for 5 d in 10 w/v% PEG hydrogelbased microwells and those in GelMA hydrogel-based microwells (figure 2). We also analyzed the percentage of cell aggregates per microwell, showing that 75.2% of ES cells in PEG microwells were aggregated after 5 d ( figure 3(A) ), because ES cells cultured in PEG microwells generated uniform-sized EBs. We also analyzed the size distribution of EBs cultured in the PEG microwell ( figure 3(B) ). This analysis showed that EB size was linearly proportional to the culture time, indicating 240 μm in diameter at 5 d.
3D hydrogel encapsulation on microwells
ES cells cultured in hydrogel microwells were encapsulated by PEG or GelMA hydrogels (figure 4). We tested four experimental conditions: PEG hydrogel encapsulation on a PEG microwell ( figure 4(A) ), PEG hydrogel encapsulation on a GelMA microwell ( figure 4(B) ), GelMA hydrogel encapsulation on a GelMA microwell (figure 4(C)), and GelMA hydrogel encapsulation on a PEG microwell ( figure 4(D) ). To investigate the cell viability of UV-crosslinkable hydrogel-encapsulated ES cells cultured in microwells, ES cells cultured in PEG microwells were encapsulated by PEG and GelMA hydrogels (figures 4(A) and (D)). ES cells cultured in GelMA microwells were also encapsulated by PEG and GelMA hydrogels (figures 4(B) and (C)). 
Neuronal differentiation and neural network formation
We investigated the effect of the photo-crosslinkable hydrogel-encapsulated 3D microwell array on ES cell-derived neuronal differentiation (figure 5). To induce neuronal differentiation, we used DMEM/ F12 and 1% ITS supplement-B after encapsulation of photo-crosslinkable hydrogels. We compared ES cell-derived neuronal differentiation in four different microenvironments: PEG hydrogel encapsulation on a PEG microwell, PEG hydrogel encapsulation on a GelMA microwell, GelMA hydrogel encapsulation on a GelMA microwell, and GelMA hydrogel encapsulation on PEG microwell. Confocal microscopy images demonstrated that EBs encapsulated by GelMA hydrogels in PEG microwells largely generated Tuj1-positive neurites and the neurites were extended from the periphery of the EBs. An immunocytochemistry analysis revealed that a number of neurites extended from the EBs at 12 d were inter-connected from each PEG microwell to form neuronal networks ( figure 5(A) ). The average neurite length of EBs at 8 d and 10 d was 56 μm and 140 μm, respectively ( figure 5(B) ). At 12 d, the average neurite length of EBs was 318 μm, demonstrating that the neurites in each PEG microwell (300 μm interval) were inter-connected. We also analyzed the average neurite number of EBs cultured in a PEG microwell ( figure 5(C) ). This analysis showed that 23 neurites generated from EBs were extended into the GelMA hydrogels at 12 d. To further mimic an in vitro Alzheimer's disease model and investigate the effect of amyloid beta on neuronal cells, we used uniform-sized EBs that were encapsulated by GelMA hydrogels in PEG microwells (figure 6). The EBs were cultured for 12 d to generate neuronal networks and were subsequently treated by amyloid beta for an additional 2 d. To detect the amyloid plaque, EBs were treated with 1 mM tioflavin S in 50% ethanol for 10 min. Confocal microscopy images showed a high expression of Tioflavin S-positive amyloid plaques inside neuronal networks (marked in white arrows on figure 6 ).
Discussion
ES cell-derived neuronal differentiation is of great interest in studying neurodegenerative disease. To induce uniform-sized EB-derived neuronal differentiation, ES cells were encapsulated by 10 w/v% PEG or GelMA hydrogels in 3D microwells. The gelatin is a collagen-based polysaccharide biomaterial with excellent biocompatible and biodegradable properties. We used GelMA hydrogels to fabricate microwells and encapsulate ES cells in a 3D manner. The GelMA hydrogel properties (e.g. pore size, swelling ratio, and Young's modulus) could be regulated by methacrylate concentrations. It is known that the cells cannot adhere to a PEG surface, because PEG does not have cellbinding receptors such as Arg-Gly-Asp (RGD) peptide or MAP-sensitive sequence [39] . PEG microwells have previously been used to study EB-derived differentiation due to the cell repellent property of PEG hydrogels [21] . Although ES cells cultured in 10 w/v% PEG microwells were spontaneously aggregated to form EBs, ES cells cultured in 10 w/v% GelMA microwells were not aggregated, because GelMA hydrogels had cell binding receptors. The live/dead assay result showed that UV-crosslinkable PEG or GelMA hydrogelencapsulated ES cells remained highly viable (>90%) inside microwells, suggesting that UV-crosslinking processes would not damage ES cells. Interestingly, ES cells cultured in PEG microwells generated uniformsized EBs regardless of PEG and GelMA hydrogel encapsulation (figures 4(A) and (D)). By contrast, ES cells cultured in GelMA microwells became smaller cell aggregates, because ES cells might have adhered to the surface of the GelMA microwells (figures 4(B) and (C)).
The neurites from the EBs largely extended into the interface between GelMA hydrogels and PEG microwells, but the cells were difficult to extend or spread into PEG hydrogels (figure 5). Interestingly, we observed that ES cells encapsulated by GelMA hydrogels in GelMA microwells did not generate the neurites, because ES cells cultured in GelMA microwells did not form uniform-sized EBs. Unlike GelMA hydrogel encapsulation, PEG encapsulation of ES cells cultured in both PEG and GelMA microwells did not allow for neurite outgrowth, because PEG does not have RGD peptides that could support cell adhesion. By contrast, GelMA hydrogels enhanced the cell adhesion and neurite outgrowth of ES cells, because GelMA hydrogels contain RGD peptide sequences as previously described [30, 40] . As a result, PEG microwells enabled the formation of uniform-sized EBs, while GelMA hydrogel encapsulation enhanced neurite outgrowth, suggesting that EBs encapsulated by GelMA hydrogels in 3D PEG microwells could generate neuronal networks. We also analyzed the neurite outgrowth and average neurite number of EBs encapsulated by GelMA hydrogels in PEG microwells. Furthermore, for an in vitro Alzheimer's disease model, we observed that the neurites extending from uniform-sized EBs were severely shrunk (figure 6). It has previously been shown that the amyloid plaque between neuronal cells has been deposited to generate neuronal degradation causing cell death [41, 42] .
Conclusions
We developed a UV-crosslinkable hydrogelencapsulated 3D microwell array for uniform-sized EB-derived neuronal differentiation. To induce ES cell-derived neuronal differentiation, ES cells cultured for 5 d in PEG microwells gave rise to uniform-sized EBs and EBs were subsequently encapsulated by GelMA hydrogels in a 3D manner. The neurites generated from the periphery of uniform-sized EBs were largely extended to form neuronal networks. Therefore, this photo-crosslinkable GelMA hydrogelencapsulated 3D PEG microwell array could be a powerful tool for studying in vitro neurodegenerative disease models.
